Reliable density estimates are the cornerstone of effective conservation and management planning. For large carnivores however, estimating density is difficult because these species are elusive and wide-ranging. Here, we focus on the Eurasian lynx (Lynx lynx) in the French Jura and Vosges Mountains (Mts) and provide the first density estimates. We set up a total of 413 camera trapping sites (with 2 cameras per site) between January 2011 and April 2016 in seven study areas across seven counties of the French Jura and Vosges Mts. We obtained 592 lynx detections over 19,035 trap days in the Jura Mts and 0 detection over 6,804 trap days in the Vosges Mts. Based on coat patterns, we identified a total number of 92 unique individuals from photographs, including 16 females, 13 males and 63 individuals of unknown sex. Using spatial capture-recapture (SCR) models, we estimated abundance in the study areas between 5 (SE = 0.1) and 29 (0.2) lynx and density between 0.24 (SE = 0.02) and 0.91 (SE = 0.03) lynx per 100 km 2 . Our study is yet another example of the advantage of combining SCR methods and non-invasive sampling techniques to estimate density for elusive and wide-ranging species like large carnivores. While the estimated densities in the French Jura Mts are comparable to other lynx populations in Europe, the situation in the Vosges Mts is alarming.
Introduction
Obtaining animal density is a key step in providing sound conservation and management strategies for wildlife [1] . For large carnivores however, estimating density is difficult because these species are elusive and wide-ranging, resulting in low detection rates [2] .
To deal with these issues, non-invasive techniques, such as camera trapping and DNA sampling, are increasingly used [3] . These non-invasive techniques generate data that can be analyzed with capture-recapture methods to estimate densities [4] .
Standard capture-recapture models for closed populations [5] have long been used to estimate animal abundance and density, including for large carnivores [6, 7] . However, when converting abundance into density, density estimates are highly sensitive to the size of the sampling area [8] . Besides, heterogeneity in the detection due to spatial variation in the distance of individuals to the sampling devices may lead to biased density estimates [5] .
Spatial capture-recapture (SCR) models deal with these issues by explicitly incorporating spatial locations of detections [9] [10] [11] [12] . SCR models are increasingly used to estimate large carnivores densities [13] [14] [15] [16] [17] [18] .
Here, we focus on the Eurasian lynx (Lynx lynx) in the French Jura and Vosges Mountains (Mts). Like in many regions of western Europe [19] , lynx went extinct in France between the 17 th and 20 th centuries due to habitat degradation, human persecution and decrease in prey availability [20] . The species was reintroduced in Switzerland in the 1970s [21] , then re-colonized France through the French Jura Mts in the 1980s [20] . Reintroductions also occurred in the French Vosges Mts between 1983 and 1993 contributing to the population establishment [22] . The species is listed as endangered under the 2017 IUCN Red list and is of conservation concern in France due to habitat fragmentation, poaching and collisions with vehicles. Currently, the French population of lynx is restricted to three mountain ranges, the Vosges, in northeastern France, the Jura and the Alps, with little connectivity between the first two due to human-made linear infrastructures. While the Northern Alps are slowly being recolonized with lynx mostly coming from the Jura [23] , the Jura holds the bulk of the French lynx population. In contrast, the lynx presence in the Vosges Mts remained stable following the reintroductions but and has continuously been decreasing since 2005.
However, little information on abundance and density of lynx in France exist. In this study, we used SCR and standard capture-recapture models to provide the first estimate of lynx abundance and density using camera-trap surveys implemented in the French Jura and Vosges Mts from 2011 to 2016. Based on these results, we discuss research and management priorities for the effective conservation of lynx in France.
Methods

Ethics statement
We used non-invasive methods for data collection, which did not involve manipulation or handling of any living organism. Therefore, approval from an animal ethics committee was not required. Cameras were set on public or private forests with the permission of local authorities or local owners respectively. We advertised the study and the presence of camera traps to the local stakeholders and the public visiting the areas. In agreement with French legislation, photographs permitting to identify goods or people were deleted.
Study area and sampling design
The study area encompassed three counties of the French Jura Mts, namely Ain, Doubs and [ Figure 1 about here]
We divided each study area into a grid of 2.7 x 2.7 km cells applying a systematic design where one out of two cells was sampled [24] , hence ensuring that at least one camera trap was set in each potential lynx home range. To maximize detectability, we set camera traps at optimal locations (on forest roads, hiking trails and to a lesser extent on game paths) based on previous signs of lynx presence and on local knowledge [25] . At each trapping location, we set two Xenon white flash camera traps (models: Capture, Ambush and Attack; Cuddeback, WI, USA) with passive infrared trigger mechanisms to photograph both flanks of an animal. We checked camera traps weekly to change memory cards, batteries and to remove fresh snow after heavy snowfall. Based on unique coat patterns, we identified the lynx individually on photographs [26] using Extractcompare© software (http://conservationresearch.org.uk/Home/ExtractCompare/lynx.html). We recorded date, time, and location of each photographic capture of a lynx. During the time of year our study took place; juvenile lynx (< 1 year old) can still be with their mother [27] . In our analysis, we retained only independent lynx, i.e. adult lynx or emancipated individuals based on physical characteristics or previous knowledge of their age or status (from photographic evidence). We defined a capture occasion as 5 successive trap nights [25] , dissociating trapping events from individual photo to avoid pseudo-replications.
Spatial capture-recapture analyses
We used spatial capture-recapture (SCR) models to estimate lynx densities [4] . In contrast with standard (non-spatial) capture-recapture models, SCR models use the spatial locations of captures to infer activity center (or home range) of each individual. We assumed that individual encounters are Bernoulli random variables with individual-and trap-specific detection probabilities. More precisely, the detection probability p ij of an individual i at trap j is assumed to decrease as the distance d ij from its activity center increases according to a detection function. We used the half-normal detection function,
where p 0 is the probability of detecting an individual when the trap is located exactly at its center of activity and σ is the spatial scale (or movement) parameter that controls the shape of the detection function. For one of the two study areas in the French Jura Mts in years 2011 and 2013, we detected only few individuals. To increase the sample size, we shared information between the two sampling areas by estimating density separately for each study area but using common detection and spatial parameters for both areas (e.g., [28] ). We defined a state-space, i.e. the area encompassing all potential activity centers of the observed individuals, by building a grid that buffered outermost camera trap locations by 15 km (corresponding to at least 2σ [4] ) with a resolution of 1.5 km (or pixels of area 2.25 km 2 ). We fitted SCR models in the maximum likelihood framework using the R package oSCR [29] .
For comparison, we also estimated abundance using standard (non-spatial) capturerecapture models [5] . We dropped the spatial information and considered only the detections and non-detections for each individual. We considered two models, M0 in which the detection probability is the same for all individuals, and Mh in which the detection probability varies among individuals. We fitted standard models in the maximum likelihood framework using the R package Rcapture [30] . We estimated density as the ratio of estimated abundance over an effective trapping area (ETA). ETA was estimated by adding a buffer to the trapping area equal to the mean maximum distance moved (MMDM) or half of it (HMMDM). We calculated the MMDM by averaging the maximum distances between capture locations for all individuals detected at more than one site.
Results
We collected data between January 2011 and April 2016 from 413 camera trapping sites (2 camera traps were set per site) resulting in 25,839 trap days (Table 1 ). In total, we identified 92 lynx over 532 detection events in the Jura Mts, including 16 females, 13 males and 63 individuals of unknown sex. The number of detections per individual was 2.6 on average and varied from 1 up to 11. In contrast, we identified no lynx in the Vosges Mts, therefore we did not proceed with SCR analyses in this area.
[ Table 1 about here]
For the Jura Mts, abundance estimates were similar whether we used spatial or nonspatial models, although always slightly higher for the former. [ Table 2 about here]
From the spatial analyses, we used the model estimates to produce density surfaces within the state-space ( Figure 2 ). The density per pixel of area 2.25 km 2 ranged from 0 to 0.20 individuals in the Jura Mts.
[ Figure 2 about here]
Discussion
By using camera-trap sampling and SCR models, we provided the first multi-site density estimates for lynx that will help in setting a baseline conservation status for the French lynx population. Our study is yet another example of the potential of combining SCR methods and non-invasive sampling techniques to estimate abundance and density for elusive and wideranging species like large carnivores [13] [14] [15] [16] [17] [18] .
Our density estimates in the French Jura Mts were of similar magnitude to other lynx populations in Europe: 1.47 and 1.38 lynx / 100 km 2 in the Northwestern Swiss Alps [13] , 0.58 (Štiavnica Mts) and 0.81 individuals / 100 km 2 (Velká Fatra National Park) in Slovakia [31] and 0.9 individuals / 100 km 2 in the Bavarian Forest National Park in Germany [32] .
While [13] and [31] used SCR models, [32] used standard capture-recapture models with HMMDM to estimate densities, which makes them difficult to compare. Indeed, in other carnivores studies, the use of HMMDM did produce similar density estimates to SCR models [13] , while in others, including ours, the SCR estimates were closer to the MMDM estimates [2] or intermediate between the MMDM and HMMDM estimates [33] . When looking at reference values for densities across the distribution range of the species, it may be biologically meaningful to use the MMDM density estimate as a reference as it covers the whole potential of animal movements.
On the other hand, because SCR models make space explicit whereas standard modelbased densities are sensitive to the definition of the effective sampling area, we recommend the use of SCR models to estimate lynx densities.
When examining densities across study areas in the Jura Mts, we found spatial variation between the three counties, with Doubs area having the lowest densities, Ain the highest densities, and Jura intermediate densities.
Our lynx density estimates might suffer from potential sources of bias that need to be discussed. First, the period of sampling is important to account for when setting up camera trap surveys [34] . We conducted our survey outside the dispersal period, during the lynx mating season (February-March mostly). We did so to avoid capturing transient individuals and to increase detectability because of high lynx activity and relatively reduced human activities [26] . However, some individuals might have gone in and out the study area, especially males who cover greater distances during the mating season. Whereas the presence of non-resident individuals can affect the calculation of (H)MMDM, and in turn density estimated with standard capture-recapture models, SCR density estimates were found to be robust to the presence of transient individuals [35] . Second, males have larger home ranges than females [13] , which leads to heterogeneity in the SCR model parameter estimates.
Because there were too few males and females identified and lots of individuals with unknown sex, sex-specific SCR analyses [36] produced unreliable abundance and density estimates (results not shown). If detection heterogeneity is ignored in capture-recapture models, abundance is underestimated [37] , therefore our density estimates are probably biased low and should be considered as a conservative metric. Last, we did not detect any individuals in the Vosges Mts while the sampling effort in the Vosges Mts was similar to that implemented in the Jura Mts (Table 1 ). This finding is likely to be representative of the current critical situation in the Vosges Mts despite the reintroduction program conducted 30 years ago.
We envision several perspectives to our work. First, while density estimates are of primary interest for conservation, understanding the mechanisms underlying trends in abundance is required to make sound conservation decisions [1] . SCR models have been extended to open populations [38] and can be used to estimate demographic parameters (survival, reproduction) of large carnivores [39] . Unfortunately, because of logistic constraints, we could not sample the same areas over several years, which precludes a standard application of these models. A solution may lie in the combination of the data we collected through systematic camera-trap surveys with additional data in the SCR framework, such as occupancy data [40] or opportunistic camera-trap data [41] . Second, in addition to traffic-induced mortality and conflicts with human activities, the expansion of lynx populations is limited by habitat fragmentation [42] , hence the need to assess connectivity with other populations [43] . SCR models can be used to quantify landscape connectivity by replacing the Euclidean distance between camera traps and home range centers by the least-cost path [44, 45] . For lynx, this will require setting up traps across a gradient of habitat types, not only forested habitats, and also to assess the effects of wildlife crossings, so that resistance to movement can be estimated.
In conclusion, our lynx density estimates for the French Jura Mts complement nicely the estimates recently provided for the Northwestern Swiss Alps [13] . The use of cameratrapping coupled with SCR models in both France and Switzerland was the result of a cooperation between the two countries with the perspective of a transboundary monitoring [46, 47] . This approach would prove useful to accurately estimate densities in other areas where habitats and prey availability might differ, and overall lynx detectability varies. km 2 (pixel resolution is 1500m x 1500m). We obtain the estimated abundance in each map by summing up the densities in each pixel altogether. Yellow is for low densities, green for medium densities and blue for high densities. Note that density scales are specific to each map. 
